INTRODUCTION
A closed circulation requires a regulated and redundant system to respond to blood vessel injury and prevent life-threatening hemorrhage. The maintenance of hemostasis in humans is achieved through the controlled interaction of many components of the blood and vessel wall [1, 2] . Our current understanding of the numerous genetic loci contributing to the hemostatic balance has been achieved through biochemical studies and through family studies that led to the mapping and sequence identification of genes encoding components of the clotting cascade, anticoagulant and fibrinolytic systems. Therefore, unlike many physiologic systems, most of the genes encoding critical components of the hemostatic system have been well described. But the underlying genetic risk factors for common vascular disorders, such as venous thromboembolic disease (VTE), myocardial infarction or stroke, are not the result of single gene defects. Rather, these problems are the result of a complex interaction between gene variants, environmental exposures and chance. For example, VTE is a common disorder affecting more than 900 000 individuals a year in the United States. Family studies suggest that more than 60% of the variation in susceptibility to venous thrombosis is attributable to genetic factors [3] . Yet, monogenic disorders associated with familial thrombosis or 'thrombophilia', such as protein C deficiency, antithrombin III deficiency or protein S deficiency, are rare and cannot explain the vast majority of unprovoked (not associated with known environmental risk factors for thrombosis) VTE. Pioneering work by several laboratories identified common genetic risk factors for VTE in people of European ancestry such as the 3 0 UTR prothrombin G20210A mutation and the R506Q mutation in coagulation factor V (FV Leiden) [4] [5] [6] . Although these polymorphisms are associated with an increased risk in an individual's lifetime risk of VTE, they do not appear to be useful for medical decision making [7, 8] . In Asian populations, where the factor V Leiden and F2 G20210A variants are rare, mutations in PROC and PROS1 may play a more dominant role [9] . Elevations in the plasma levels of several coagulation factors, including factor VIII [10, 11] , factor IX and factor XI, have also been associated with increased thrombosis susceptibility [2, 12] , although the specific causal environmental and genetic factors resulting in these elevated levels are unknown. Importantly, investigators have been unable to stitch together a coherent landscape of thrombophilia based on the numerous single gene association studies due to the difficulty of combining independent studies of different genes. The promise of adequately powered genome-wide association studies was the ability to judge associations across the entire genome and rank order their effects in a population.
Genome-wide association studies: strengths and limitations
Since 2005, hundreds of genome-wide association studies (GWAS) of complex traits affecting human health have been reported [13,14 & ]. These studies capitalize on the increasing speed and lower cost of genotyping human DNA samples and are powerful ways of connecting common human genetic variation to heritable traits determined by a number of different genes. GWAS test millions of genotyped and imputed single-nucleotide polymorphisms (SNPs) in large cohorts of people to detect any association with the quantitative phenotype or dichotomous state. The principle advantage of GWAS is the ability to test common genetic variants across the entire genome as opposed to single or limited candidate gene association tests, which are more prone to false-positive results. The genomewide context of GWAS allows for a ranked interpretation of association signals and the testing of variants without a preconceived bias. The results of these GWAS in VTE have helped investigators understand which common genetic variants play the most dominant role in determining the VTE risk. GWAS are very powerful ways to detect SNPs with a statistically significant difference in allele frequency in a case population compared with a control population. Quantitative traits (blood pressure, height, factor VIII levels) can also be analysed by GWAS to identify SNP associations referred to as quantitative trait loci. Because GWAS report a summary of a series of thousands of independent SNP association tests, they are able to detect locus heterogeneity, wherein multiple genes contribute to phenotypes, without any loss of power. Likewise, to avoid false-positive associations, a multiple testing correction must be employed when interpreting GWAS results. When groups of GWAS are analysed together in meta-analyses, the increase in power allows even weaker associations to be detected.
Despite their power, multiple limitations to even large GWAS must be considered. The power to detect an association is determined by both the allele frequency and the magnitude of difference in allele distributions in case and control populations. For quantitative traits, the effect direction and the strength of a SNP association can be expressed by the beta value (the average change in a quantitative trait per allele count of a SNP). The principle limitation of GWAS involves the reduced power to detect associations with rare variants, mutations that may have a large effect size in an individual but have a low population frequency. These rare variants are also more likely to produce false positives and are often removed from the genotyping set before performing GWAS. Even studies in large cohorts have a limited power to detect any association with variants that have allele frequencies below 1-5%. The second important limitation is determined by the SNPs used on the genotyping chip. It is often difficult or impossible to directly identify the functional mutations driving the association from the tested SNPs in GWAS. SNPs mark a stretch of DNA sequence, in linkage disequilibrium, meaning that they are statistically likely to be inherited together. So, the significant SNP associations mark a block of DNA rather than a specific mutation influencing a phenotype. This problem of
KEY POINTS
Venous thromboembolism is a heritable complex genetic trait determined by multiple gene variants, geneenvironmental interactions and altered gene regulation.
GWAS of VTE and biochemical markers related to VTE have identified common genetic variants altering the risk of disease, but the majority of the heritability remains unexplained.
Future studies will concentrate on the identification of rare mutations, regulatory variants and gene-gene interactions to further understand individual risk for VTE. association without identification of functional genomic variants is somewhat alleviated by the ever-expanding catalogue of SNP variants and whole-genome sequencing data that can be used to impute the nongenotyped variants in an individual and the use of gene-centric SNP chips that include more nonsynonymous variants [15] . However, imputation has a very limited ability to shed light on the influence of low frequency variants because these rare variants are usually not in linkage disequilibrium with common SNPs, even by chance [16] .
Genome-wide association studies of venous thromboembolic disease
Recent genetic studies of VTE are an excellent example of the power and limitations of GWAS and are summarized in Table 1 [17] [18] [19] . Although previous studies had linked elevated factor VIII, ABO blood group, factor V Leiden, prothrombin G20210A mutation and several other gene variants with the risk for VTE [20] , the first truly genomewide study for VTE was published in 2009 by Tregouet et al. [17] . Here, the authors studied 453 cases and 1327 controls and demonstrated that among common genetic variants, only SNPs tagging variants in ABO and F5 were associated with VTE (Table 1) . Despite numerous, previously published, single gene association studies and meta-analyses purporting to associate common variants in genes such as SERPINE14G/5G polymorphism or MTHFR C677T polymorphism with VTE [21] , the GWAS uncovered these previous associations as either statistical false positives or too weakly associated with VTE to be clinically relevant. This study was relatively modest in size compared with many GWAS of the time, but it still had more than 80% power to detect associations of SNPs with allele frequencies greater than 5% and odds ratios greater than 2.0 (MTHFR, rs1801133, minor allele frequency of 31% in CEU Hapmap). On the contrary, the prothrombin G20210A mutation, with an allele frequency of nearly 1.6% in European populations (CEU Hapmap), was not included on the genotyping chip used in the study and was not in linkage disequilibrium with any of the genotyped SNPs. Therefore, the association could not be tested. However, given the low allele frequency of this variant and the modest size of this study, it is likely that no association would have been detected. Subsequent GWAS for VTE have addressed the power limitations of this initial study (Table 1) [18, 19, 22] . In fact, a recent meta-analysis of VTE examined 7507 VTE cases and 52 632 controls and performed replication in an additional 3009 cases and 2586 controls [ 
Examining the biochemical components of venous thromboembolic disease
As genetic studies are very dependent on the quality of the phenotyping, many investigators have pursued more specific biochemical phenotypes in order to further dissect the genetic determinants of hemostasis. Although VTE itself may be a relatively straightforward clinical diagnosis, at the biologic level, VTE may have multiple underlying causes that cause an increase in the heterogeneity between cases and decrease the power of an association study. By concentrating on more specific quantitative phenotypes, such as the level of a protein component of the hemostatic system, investigators have been able to use unselected populations (not casecontrol cohorts) that are much easier to assemble into very large studies. Through more specific quantitative traits and larger cohorts, investigators have been able to find genetic associations with biomarkers that may further inform important underlying genetic determinants of VTE and other clinical disorders of hemostasis. For example, multiple investigators have employed genomic studies to further determine the genetic determinants of von Willebrand factor (VWF) levels [24] [25] [26] . VWF facilitates the interaction of platelets with sites of vascular injury and is a critical mediator of the initial platelet plug in flowing blood. In addition, as a carrier protein for coagulation factor VIII, levels of VWF are highly correlated with FVIII activity. VWF levels are highly heritable ($65%) and vary five-fold in healthy populations. Individuals with elevated VWF have increased risk for VTE, whereas individuals with low VWF levels are at a higher risk for type I von Willebrand disease, a common genetic disorder of bleeding [27] . Previous studies made the connection between variation in VWF and ABO blood group serotypes [28] . Populations with ABO type O blood have lower VWF levels (and FVIII activity) than people with type A or B serotypes. In fact, nearly 20% of the variation in VWF levels can be explained by ABO blood types. It is likely that the ABO signal generated in the multiple VTE GWAS (Table 1) is driven by the influence of ABO variants on VWF and factor VIII levels. In 2010, Smith et al. [26] reported the first genome-wide association meta-analysis for VWF in a study of almost 18 000 people in several cardiovascular disease related cohorts, the CHARGE consortium. This study confirmed the influence of common ABO haplotypes on VWF levels and identified the VWF locus as well as six new loci (STXBP5, SCARA5, STAB2, STX2, TC2N, CLEC4M) harboring common variants associated with VWF levels ( ]. In a follow-up study, Smith et al. [38] examined the top SNPs from the VWF/factor VIII meta-analysis in a VTE case-control cohort. In addition to the known associations with the ABO haplotypes, this study uncovered associations with incident VTE and variants in VWF and STXBP5 that were presumably driven by altered VWF/FVIII levels. In a subsequent functional study, Zhu et al. [39 & ] examined the interaction of STXBP5 and VWF and demonstrated increased VWF secretion from human endothelial cells with reduced STXBP5 and found that mice deficient in STXPB5 had higher VWF levels than littermate controls. In 2013, Rydz et al. [40] reported that similar to ABO type A and B serotypes, specific CLEC4M polymorphisms associated with increased levels of VWF were under-represented in patients with Type 1 VWD compared with their unaffected family members. Conversely, some VWF GWAS variants that are associated with decreased VWF levels (ABO, CLEC4M, STXBP5) seem to have higher allele frequencies in Type 1 VWD populations [41] .
Do linkage studies still have a role in complex traits?
As discussed above, even well powered GWAS cannot detect associations with rare variants. In 2012, our group reported the results of a smaller metaanalysis of VWF levels in two young healthy cohorts, N ¼ 3462. We analysed a sibling cohort in order to perform both GWAS and linkage studies. Although much less powerful than association studies, linkage studies are not blind to rare variants clustered into loci with high allelic heterogeneity. We hypothesized that these types of loci, wherein single nucleotide variants are individually rare but in aggregate common, would accrue linkage signals across affected families and may explain a portion of the missing heritability for complex traits [25] . In our GWAS, common variants in ABO and VWF explained about 18% of the variation in VWF levels. Linkage analysis detected a strong signal near the centromere of chromosome 2 that collectively explained about 19% of the variance in VWF levels. The chromosome 2 linkage interval had not been detected in a previous larger pedigree-based study [42] , but was identified in a linkage study for FVIII levels in a French-Canadian VTE-enriched pedigree [22] . This linkage interval was too large (>20 megamegabases) to usefully pick out candidate genes, although the interval included several genes involved in posttranslational modifications that could affect clearance of VWF and SNARE complex proteins that may modify the secretion rate of VWF. Follow-up linkage studies to narrow the linkage interval and DNA sequencing of top candidate genes will be required to better understand the functional mutations driving this linkage signal and their connection to VWF and VTE phenotypes. Table 2 lists several other GWAS of biochemical traits related to VTE. Groups have tested genomewide associations with more global measures of the procoagulant cascade, such as the activated partial thromboplastin time [29, 30] . An initial study in 1477 individuals found associations with variants in F12 (factor 12), KNG1 (kininogen 1) and HRG (histidine-rich glycoprotein), all proteins with previously described functions in the coagulation cascade [29] . A subsequent larger study in 9240 individuals found additional signals in ABO, F11 (factor 11), F5 (factor 5) and C6orf10 (chromosome 6 open reading frame 10), all but C6orf10 with known functions in the coagulation cascade [30] .
A survey of genome-wide association studies in thrombosis and hemostasis
Several groups have investigated the genetic determinants of proteins in the fibrinolytic system. Huang et al. [31, 32] have reported GWAS for both tissue plasminogen activator (t-PA) and plasminogen activator inhibitor 1 (PAI-1) in nearly 20 000 individuals. Variants in two SNARE complex proteins, STX2 and STXBP5, were associated with t-PA levels. These two loci were also associated with VWF levels consistent with genetic regulation of a shared secretory pathway. The most recent fibrinogen meta-analysis in nearly 90 000 individuals reported significant associations with 23 loci [33] . The strongest association was in the FGB (fibrinogen beta chain) locus itself. However, the total amount of variance explained by these 23 loci was only 3.7%, suggesting lower overall fibrinogen heritability, ]. In the anticoagulant pathway, several groups have reported GWAS of protein C levels [35, 36] . Interestingly, in a study of nearly 3000 individuals, the strongest association signal for protein C level was in PROCR (protein C receptor) explaining nearly 11% of the variance in protein C levels. In a larger study of nearly 9000 people, variants in PROC itself were also detected explaining nearly 2% of the variance. The later study also made associations with variants in EDEM2 (ER degradation enhancer, mannosidase alpha-like), GCKR (glucokinase regulatory protein) and BAZ1B (bromodomain adjacent to zinc finger domain 1B), genes whose function in protein C regulation has yet to be described. More recently, a study of the African-American subset of the ARIC cohort (N ¼ 2701) reported associations in PROCR, PROC and an intergenic region near PROC that collectively explained nearly 14% of the variance in protein C levels [37 & ].
Rare variants and beyond
In order to move closer to the goal of using an individual's genetic information to inform disease risk, individualize care and create targeted therapies, the genetic determinants of complex disease traits need to be more thoroughly defined. Towards this end, studies are underway employing next-generation sequencing technology to examine the DNA sequence from the 2% of the genome that encodes proteins (exome) as well as the whole genome to understand the role of rare mutations and regulatory variants in complex disease [43] . Aggregate tests of mutation burden are being performed to identify genes with significant differences in mutation load between cases and controls [44 && ]. In these tests, the mutations in a specific gene are, in a way, added together and analysed in aggregate to increase their apparent frequency so that associations can be made with rare or extremely rare variants if they are accumulating in a single locus. More complex computational methods and complementary functional studies will be required to improve the power of mutation burden tests and differentiate mutations causing loss of function from mutations causing gain of function in the same locus.
A large number of GWAS have discovered strong signals in intergenic areas. These areas may harbour regulatory variants such as enhancers that change disease risk through altered gene expression patterns. Understanding the genetic signature of these regulatory elements remains a research priority for groups studying complex genetic traits [45] . Likewise, a better understanding of gene-gene interactions (epistasis) may shed light on how specific gene variants function in a gene network. For example, most individuals with factor V Leiden mutation never suffer from VTE. This could be due to the presence of other protective genetic variants in these individuals or the requirement of specific genetic variants in people with factor V Leiden who develop VTE. To detect these interactions, a large case-control cohort of individuals with factor V Leiden would be required. Unfortunately, the search for epistatic interactions is computationally intensive and will likely require larger studies in order to detect significant interactions in VTE [46] .
CONCLUSION
More complete knowledge of the genetic determinants of the hemostatic and thrombotic systems will require further studies into the common, rare and regulatory variants in the genome. These studies will provide a context for the impact of a given variant in a population and aid in the discovery of new genes playing a role in thrombosis and hemostasis. Ultimately, the results from these studies should inform clinicians about an individual's risk for thrombotic disease and help guide therapeutic decisions.
